We perform herein a direct observation of shockwave propagation using a high-speed camera and estimate properties, such as acoustic velocity and Hugoniot parameter, using the impedance matching scheme to reveal the dynamic characteristics of Okinawa's unique soil "Shimajiri Mahji." A computational simulation corresponding to the experimental setup is then conducted. A comparison of the numerical and experimental results demonstrates their fairly good agreement, which suggests that the experimentally estimated dynamic characteristics of "Shimajiri Mahji" are valid. In addition, a computational simulation based on the smoothed particle hydrodynamics is also modeled and performed to elucidate the fragment behavior when the unexploded bomb explosive is at the soil surface. From a series of computational results, we have confirmed and clarified that the fragment behavior is significantly dependent on the amount of explosive charge and soil characteristics.
INTRODUCTION
To contribute to the development of the safety improvement processing technology used for unexploded bomb disposal from the viewpoint of computational mechanics, this study aims to (1) set a theoretical evacuation area and (2) aggressively reduce the evacuation area. Accordingly, a simple simulator associated with the underground and ground surface explosion problem is constructed for the former. The shockwave propagation behavior and the crater formation related to the explosive amount and buried depth are also reported [1] . The computational modeling based on the smoothed particle hydrodynamics scheme is constructed [2, 3] , and the fragment behaviors are observed to visualize the fragment behaviors generated during the unexploded bomb blasting with a particle image. For the latter, the evacuation area could be positively reduced by examining the control effect of the fragment behaviors depending on the design of the treatment trench by linear plate construction and its exit shape [4, 5] . Meanwhile, the dynamic characteristics of Okinawa's unique soils, "Jahgaru," are revealed by calculating the material parameters through an examination of the direct observation using a high-speed camera of how the shockwaves induced by detonation are incident, transmitted, and reflected in the soil. The soil dynamic characteristics were identified by comparing and verifying these experimental systems with a similar type of numerical simulation [6] . "Shimajiri Mahji," which is the target of this report, is a reddishbrown soil with Ryukyu limestone as the formation phase and widely distributed in the southern area of the main island of Okinawa Prefecture. Its generation and soil taxonomical considerations have been reported in the past [7, 8] . However, no one has reported on the dynamic characteristics describing the high-speed deformation associated with the unexploded explosive explosion phenomenon in our research reviews. Therefore, the dynamic characteristics of "Shimajiri Mahji" essential in contributing to the safety processing technology for unexploded bomb disposal are clarified herein. Moreover, the visualization of the experimental systems and the verification of the validity of the dynamic characteristics are performed by creating a numerical simulation model that reproduces the system of visualization experiments [9] [10] [11] [12] [13] and by performing numerical simulations introducing the dynamic characteristics of soil calculated from the experimental results.
EXPERIMENTAL PROCEDURE AND ITS RESULT
We targeted Okinawa's unique soil "Shimajiri Mahji" and obtained undisturbed samples from a point that was 0.50 m deep from the ground surface using the thin wall tube sampling method. A 5 mm-thick 50 mm 2 soil sample was cut and used as the sample for the dynamic characteristic evaluation. Figure 1 shows that blasting with a detonation fuse was performed after preparing the sample between acrylic resin blocks (PMMA: polymethyl methacrylate) and after installing the explosive lens consisting of SEP and HABW fixed on the upper part by the PV tube. Consequently, a planar shock wave induced by the detonation was incident on the soil. During the series of processes, incident/reflected and reflected/transmitted waves were generated at the interfaces between PMMA and the object and between the object and PMMA from the top of the drawing, respectively. The shock waves passing through PMMA were imaged using Schlieren's optical observation method. Figure 2 presents the experimental device for the optical observation. Tables 1 and 2 show the high-speed camera and pulse laser specifications, respectively. The experimental movie simultaneously started shooting as soon as the electricity flowed in the electric detonator. The shock wave velocity entering the soil was controlled by parametrically changing the thickness of the upper PMMA to = 20, 30, and 40 mm. As an example of the experimental results, Fig. 3 shows a snapshot of the optical observation video associated with = 40 mm. The plane shock wave generated by the explosive lens entered PMMA from the top, and the wave front edge was transmitted in PMMA. Subsequently, the shock wave propagation and the front are observed as follows: (1) = 17.8 μs, just before entering the PMMA-Shimajiri Mahji interface, (2) 20.0 < <22.0 μs, which propagated through the soil, and (3) = 23.2 μs, which was incident on the PMMA side from the Shimajiri Mahji-PMMA interface. We can calculate the transmitted shock wave velocity depending on the difference in the incident shock wave velocity by analyzing the relationship between the time of the shock wave leading edge and the movement distance from these observation videos. The unknown shock wave propagation velocity immediately before the incidence and immediately after the permeation was determined from the shock wave propagation velocity of the known-quantity PMMA using the nonlinear curve fitting method [14] . From the experimental data, we calculated the shock wave velocity and the particle velocity of Shimajiri Mahji using the impedance matching method [15] . Furthermore, we obtained the shock wave propagation velocity 0 and Hugoniot coefficient , which are the dynamic characteristics unique to the soil, by plotting the relationship between and .
The experimental data showed that by increasing the PMMA thickness, the particle velocity can be reduced by damping the generated shock wave. The shock wave velocity was also calculated for all the experimental movie data, with the results summarized in Table 3 . Figure  4 depicts the data of 11 points in Table 3 related to the shock wave velocity, ′ and particle velocity, (diagram). As in the previous report [6] , the experimental points can be approximated by a linear line. From the abovementioned findings, the shock wave propagation velocity 0 and the Hugoniot curve coefficient , which are the dynamic characteristics specific to Shimajiri Mahji, were obtained as 0 = 2.57 km/s and = 1.73, respectively. 
COMPUTATIONAL MODELING OF THE EXPERIMENTAL SETUP
In the experimental method discussed in the previous section, the explosion phenomena in the explosive lens and the large deformation behavior for PMMA, PVC, and Shimajiri Mahji must be dealt with. In other words, modeling the multiphysics phenomena and its handling is indispensable. Therefore, we constructed herein a three-dimensional analysis model of the experimental system using HyperWorks-RADIOSS (® Altair), which is a commercial finite element analysis software. The quarter model (Fig. 5 ) was the analysis target, and the PVC, SEP, HABW, PMMA, and Shimajiri Mahji were discretized with the tetrahedral element for the Arbitrary Lagrangian Eulerian (ALE) computation because of the symmetry of the problem [16] . The total number of nodes and elements in the model shown in Fig. 5 , where the PMMA thickness was 40 mm, was 58,548 nodes and 293,666 elements, respectively.
Equation of state and constitutive equation
In this study of experimental observation, the explosive lens, PMMA, and soil are easily understood to immediately collapse with a fragment behavior like fluid. Therefore, the materials (Fig. 5 ) were assumed to be those materials obeying the Johnson-Cook's type of constitutive equation (1) and Mie-Grüneisen equation of state (2) presented as follows [17, 18] :
where, σ, ε, and ̇ are the material stress, strain, and strain rate, respectively, and , , , , and 0 are the material constants associated with PMMA, PVC, and Shimajiri Mahji. We assumed herein that PMMA and PVC are elastic materials, and soil is an elastic-plastic associated with an independent strain rate ( Table 4 ). In Eq. and initial energy per unit reference volume, respectively. 0 , , and Γ 0 are the bulk speed of sound, linear Hugoniot slope coefficient, and Grüneisen's gamma at the reference state, respectively ( Table 5 ). 
Explosive lens (SEP and HABW)
The pressure generated by the expansion of the detonation products of the chemical explosive is defined by the Jones-Wilkins-Lee (JWL) equation of state [19] . The JWL equation of state defines the pressure as follows:
where , , 1 , 2 , and ω are the material constants; is the relative volume of the detonation product; is the detonation energy per unit volume with an initial value of 0 ; indicates the Chapman-Jouguet pressure depending on the initial density ρ 0 of the explosive; and the detonation velocity and γ indicate the ratio of specific heat at constant volume, , and at constant pressure, , respectively. Table 6 provides the JWL parameters of SEP and HABW [4] . Table 7 Peak pressure at PMMA to Shimajiri Mahji (black x-mark) and Shimajiri Mahji to PMMA (red x-mark, as shown in Fig. 7) .
Comp. result, GPa Exp. result, GPa PMMA -> Shimajiri Mahji (black x-mark) 2.71 2.60 Shimajiri Mahji -> PMMA (red x-mark) 1.84 2.24
COMPUTATIONAL RESULTS AND DISCUSSIONS
A computational model for the experimental system was developed (Fig. 3) , and a computational simulation introducing the Shimajiri Mahji's material parameters was performed to verify the validity of the dynamic characteristics shown in the previous chapter. Figure 6 shows a snapshot of the pressure propagation behavior-transmitting shockwave from PMMA to soil, incidenting to soil, and reincidenting from soil to PMMA. A planar shock wave induced by the explosive lens detonation propagating in PMMA was confirmed and reached the interface between PMMA and Shimajiri Mahji. Figure 7 indicates the pressure history immediately after the incident and transmission into Shimajiri Mahji. The black and red x-marks correspond to the point from PMMA to soil and from soil to PMMA, respectively. A primary peak pressure was generated at these points by the arrival of the plane shock wave. Subsequently, several hundred nanoseconds later, a second peak pressure depending on the difference in the shock impedance was also observed. Table 7 summarizes the calculation and experimental results at the points corresponding to two points in Fig. 7 . Here the experimental result was the pressure calculated from the Hugoniot equation of state [15, 19] . These results suggest that the dynamic characteristics of Shimajiri Mahji estimated from the experimental outcomes were fairly valid, although the peak pressure after permeation was estimated to be small. 
CONCLUSIONS
This study conducted an optical observation to investigate dynamic properties, such as shockwave propagation, pressure, and particle velocity, using a high-speed camera and shock characteristics using the impedance matching method to reveal the shock characteristics of Okinawa's unique soils "Shimajiri Mahji." A computational model for the experimental procedure using commercial FEM software was also developed to clarify the validity of the material characteristics. A comparison between the numerical and experimental results showed that the computational results were fairly in good agreement with the experimental results, leading to the suggestion that the dynamic characteristics of Shimajiri Mahji estimated from the experimental outcomes is quite valid. The dynamic characteristics of the soil identified in this study are significantly important data for the safety disposal process of an unexploded bomb. The computational simulation of the fragment behavior depending on the charge of the explosive, bomb shape, and soil characteristics is now in progress.
